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Highlights 
 T. suecica showed physiological alterations after 24 h of exposure to the three PCPs. 
 The UV filter benzophenone-3 caused stimulation of growth rate and metabolic activity. 
 Growth and esterase activity decreased in cells exposed to triclosan and tonalide. 
 Treated cells remained viable but they showed changes in membrane potential. 
Abstract 
Large quantities of personal care products (PCPs) are used daily and many of their chemical 
ingredients are subsequently released into marine environments. Cultures of the marine 
microalga Tetraselmis suecica were exposed for 24 h to three emerging compounds included in the 
main classes of PCPs: the UV filter benzophenone-3 (BP-3), the disinfectant triclosan (TCS) and the 
fragrance tonalide (AHTN). Concentrations tested, expressed as cellular quota (pg cell
−1
), ranged from 
5 to 40 for BP-3, from 2 to 16 for TCS and from 1.2 to 2.4 for AHTN. A small cytometric panel was 
carried out to evaluate key cytotoxicity biomarkers including inherent cell properties, growth and 
metabolic activity and cytoplasmic membrane properties. BP-3 caused a significant increase in growth 
rate, metabolic activity and chlorophyll a fluorescence from 10 pg cell
−1
. However, growth and 
esterase activity decreased in cells exposed to all TCS and AHTN concentrations, except the lowest 
ones. Also these two compounds provoked a significant swelling of cells, more pronounced in the case 
of TCS-exposed cells. Although all treated cells remained viable, changes in membrane potential were 
observed. BP-3 and AHTN caused a significant depolarization of cells from 10 to 1.6 pg cell
−1
, 
respectively; however all TCS concentrations assayed caused a noticeable hyperpolarization of cells. 
Metabolic activity and cytoplasmic membrane potential were the most sensitive parameters. It can be 
concluded that the toxicological model used and the toxicological parameters evaluated are suitable to 
assess the toxicity of these emerging contaminants. 
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1. Introduction 
Chemical pollution supposes a threat to marine environment and to human health and it also may be 
an obstacle to the exploitation of its resources (Sánchez-Avila et al., 2012). Among marine 
environments, coastal waters are particularly vulnerable to pollution since coastlines are usually highly 
urbanized regions with important industrial activities and they are considered the ultimate sink for 
sewage and other by-products of human activities. In addition, compared to the open sea, levels of 
pollution of coastal waters are substantially higher, since the effect of dilution and regeneration is 
much lower, especially when the water is stagnant or confined as in the case of ports and bays 
(Gimeno et al., 2004). 
The development of new highly sensitive analytical techniques has revealed the presence of a large 
amount of chemical compounds in the aquatic environment that have been generically termed 
emerging pollutants. These compounds are pollutants that are currently not included in routine 
monitoring programmes and whose fate, behaviour and ecotoxicological effects are not well 
understood (Naidu et al., 2016). According to the NORMAN Network (URL, NORMAN Network), 
emerging environmental substances are not necessarily new chemicals; they are probably substances 
that have often long been present in the environment but whose presence and significance are only 
now being elucidated. Emerging contaminants are discharged daily to seawater via river inputs, which 
can transport pollutants from inland activities, but insufficiently treated municipal wastewater 
discharge is identified as the major route responsible for surface seawater contamination by emerging 
pollutants (Dai et al., 2014). As a result, these compounds can be found in detectable concentrations in 
waters worldwide (Wilson et al., 2003). However, the awareness of the potential environmental 
impacts of these compounds has become evident in recent years (Sauvé and Desrosiers, 2014). 
Personal care products (PCPs) are a diverse group of emerging compounds used in all kind of 
cosmetic formulas such as soaps, lotions, toothpastes, fragrances or sunscreens. PCPs are products 
intended for external use on the human body and thus are not subjected to metabolic alterations; 
therefore, large quantities of PCPs enter the environment unaltered through regular usage (Brausch 
and Rand, 2011). Their occurrence in aquatic environments and in wastewater treatment plants is 
highly relevant and has been previously reported (Ortiz de García et al., 2013; Tovar-Sánchez et al., 
2013 ;  Rodil et al., 2012). PCPs are among the most commonly detected compounds in surface water 
throughout the world (Peck, 2006); however, in comparison to other groups of pollutants such as 
pesticides or pharmaceuticals, relatively little is known about their ecotoxicity (Daughton and Ternes, 
1999). 
Microalgae have been frequently used in ecotoxicological screening of contaminated water, and also 
as test microorganisms for in vitro toxicity bioassays due to their characteristics and position in the 
aquatic food web. Previous studies about the toxic effects of different pollutants on microalgal 
physiology ( Esperanza et al., 2015a; Prado et al., 2015; Prado et al., 2012; Rioboo et al., 2009 ;  Cid 
et al., 1996) demonstrate that flow cytometric analyses can be an alternative to standard algal 
population-based endpoints, since it allows a rapid, quantitative and simultaneous measurement of 
multiple responses to toxic stress in individual algal cells near in vivo conditions. Furthermore, the 
marine microalgal species used in the present work, Tetraselmis suecica, has been previously used to 
study the toxic effect of different antibiotics showing a high sensitivity ( Seoane et al., 2014). 
The aim of the present study was to evaluate the potential acute toxicity of three emerging compounds, 
included in the main classes of PCPs, on the marine microalga T. suecica. The emerging compounds 
investigated were the UV filter benzophenone-3 (BP-3), the disinfectant triclosan (TCS) and the 
fragrance tonalide (AHTN). Their potential toxicity has been analysed in previous studies ( Paredes 
et al., 2014; Dann and Hontela, 2011; DeLorenzo and Fleming, 2008 ;  Orvos et al., 2002) but data 
about their potential cytotoxic effects on non-target marine microalgae have largely been overlooked 
and additional data related to in vivo toxicity are needed to develop aquatic risk assessments ( Brausch 
and Rand, 2011). Regarding this objective, a small cytometric panel for cytotoxicity screening was 
carried out to evaluate key potential biomarkers including relative cell volume, 
chlorophyll a fluorescence, metabolic activity and cytoplasmic membrane integrity and potential, 
together with traditional growth endpoint. These parameters were monitored after only 24 h of 
exposure to detect early alterations in the microalgal cell physiology. 
 
2. Materials and methods 
2.1. Microalgal cultures 
T. suecica (Kylin) Butch (Prasynophyceae) was cultured in filtered (pore size: 0.20 μm) and 
autoclaved seawater enriched with Algal-1 medium ( Herrero et al., 1991) under controlled conditions: 
18 ± 1 °C, illuminated with a photon flux of approximately 70 μmol photon m−2 s−1 under a dark:light 
cycle of 12:12 h. For the toxicity bioassays, batch cultures were carried out in Kimax glass tubes 
containing 40 mL of culture. Microalgal cells in early exponential growth phase were used as 
inoculum for the different assays and initial cell density was adjusted to 5 × 10
4
 cells mL
−1
. All 
cultures were carried out in triplicate and cultures without tested chemicals were included as controls. 
The different analyses were done after 24 h of exposure since after this time an entire cell cycle and a 
light:dark cycle were completed. Moreover, it has been found that, in such a short time period, 
microalgae experienced metabolic adjustments in response to contaminants (Esperanza et al., 2015b). 
2.2. Chemicals 
PCPs tested were analytical standard or technical grade compounds with purity higher than 97%. 
Concentrations tested for each chemical compound were fixed taking into account the 96 h 
EC50 values for growth obtained in previous toxicity tests and were expressed as cellular quota (mass 
of chemical substance per cell). These EC50 values were 1, 0.4 and 0.1 mg L
−1
 for BP-3, TCS and 
AHTN, respectively. 
BP-3 or oxybenzone (2-Hydroxy-4-methoxybenzophenone; Fluka Chemicals) is an organic compound 
that works as a chemical UV filter capable to absorb ultraviolet radiation. Due to the growing concern 
about the harmful effects of exposure to ultraviolet radiation, the use of this compound has increased 
in all kind of cosmetic products to protect human skin from direct exposure to the deleterious 
wavelengths of sunlight (Giokas et al., 2007), but also as photostabilizer and sunblocking agent for the 
protection of materials against UV light. BP-3 concentrations tested ranged from 0.25 to 2 mg L
−1
, 
which corresponds to 5–40 pg cell−1. 
TCS (5-Chloro-2-(2,4-dichlorophenoxy)phenol; Sigma-Aldrich) is a broad-spectrum antimicrobial 
agent widely used as a preservative and disinfectant for over 40 years in PCPs of daily use. TCS is 
used as an ingredient in hand-disinfecting soaps, deodorants, toothpastes, skin creams, cosmetics or 
household cleaners, but it is also used in the manufacture of diverse products such as plastics, textiles, 
food or drugs (Daughton and Ternes, 1999). This compound is one of the most consumed disinfectants 
and its annual production is approximately 1.500 tons (Singer et al., 2002). TCS concentrations tested 
ranged from 0.1 to 0.8 mg L
−1
, which corresponds to 2–16 pg cell−1. 
AHTN (6-Acetyl-1,1,2,4,4,7-hexamethyltetralin; Sigma-Aldrich) is a polycyclic synthetic musk used 
in PCPs (perfumes, cosmetics, soaps, shampoos), household cleaners, fabric softeners and in 
disinfection and industrial products which not only contributes to give them characteristic and pleasant 
scent but it also serves to maintain the integrity of the products (Garcia-Jares et al., 2002). This 
fragrance has been one of the most important in volume of production (Sumner et al., 2010). AHTN 
concentrations tested ranged from 0.06 to 0.12 mg L
−1
, which corresponds to 1.2–2.4 pg cell−1. 
Before each experiment, stock solutions were prepared dissolving each compound in methanol. Then, 
these solutions were diluted in order to add the same amount of methanol to all samples (directly 
comparable to the methanol control) and to reach the final tested concentrations indicated above. To 
achieve these nominal concentrations, stock solutions volume added to the microalgal cultures never 
exceed 0.05% of final culture volume. A small concentration of methanol was used because this 
solvent could increase the permeability of the PCPs to the microalga. A statistical comparison between 
0.05% methanol controls and controls without this solvent revealed no significant difference in algal 
growth (t – test; p - value > 0.05), and all subsequent tests were performed using only the solvent 
control. The contaminants were added to the cultures during the first hour of light to ensure that an 
entire light:dark cycle was completed before the analyses. 
2.3. Flow cytometric analyses 
Flow cytometric (FCM) analyses of T. suecica cells were performed on a Beckman-Coulter Gallios 
flow cytometer equipped with an argon-ion excitation laser (488 nm), detectors of forward (FS) and 
side (SS) light scatter and four fluorescence detectors corresponding to different wavelength intervals: 
505–550 nm (FL1), 550–600 nm (FL2), 600–645 nm (FL3) and >645 nm (FL4). 
Some parameters analysed by FCM were inherent properties of the cells, directly measured in the 
cytometer, while other physiological parameters were determined using different functional 
fluorochromes. Prior to the investigation, extensive experiments were conducted to optimize the 
probes concentrations and the incubation conditions in order to obtain significant, time-stable and non-
toxic staining of cells. 
Forward scatter (related to cell volume) and FL4 channel (red chlorophyll fluorescence) dot-plots were 
used to characterize the microalgal population and cells were gated based on these two parameters in 
order to exclude non-microalgal particles for the analyses. For each cytometric parameter investigated, 
at least 10
4
 gated cells per sample were collected and fluorescence measurements were obtained in a 
logarithmic scale. Data were collected using listmode files and analysed using the Kaluza software 
version 1.1 (Beckman Coulter Inc.). 
2.3.1. Growth measurement 
After 24 h of culture, cellular density was determined by counting culture aliquots of the different 
treatments in the flow cytometer using a suspension of fluorescent polystyrene microspheres with a 
known concentration (Flow-Count Fluorospheres; Beckman Coulter Inc.) for its calibration. Growth 
rates (μ) (expressed as day−1) were calculated using the following equation: 
μ = [ln(Nt) – (ln(N0)]/ln 2 (t – t0) 
where Nt is the cell density at time t and N0 is the cell density at time 0. 
2.3.2. Relative cell volume 
Cultures were analysed by FCM to study potential alterations on cell volume after 24 h of exposure to 
each pollutant. Forward light scatter (FS) is related to cell size or volume and FS intensity increases 
with the increase of cell cross-sectional area (Shapiro, 1995). Data were compiled as the mean value of 
the cell population since they had a normal (Gaussian) distribution. When differences in cellular 
volume mean value between treated and control cells were observed, the other parameters analysed 
were corrected by the FS signal. 
2.3.3. Chlorophyll a fluorescence 
T. suecica presents natural autofluorescence due to the presence of chlorophyll a and other accessory 
pigments. Red chlorophyll a fluorescence was detected in the FL4 channel and data were collected as 
the mean fluorescence value of the cell population since they were normally distributed. 
2.3.4. Metabolic activity 
Metabolic activity was studied using the fluorescein diacetate (FDA) cytometric assay, a rapid and 
sensitive technique to assess microalgal esterase activity (Jochem, 1999). Many authors have used 
FDA staining as a method to assess viability in microalgal cells exposed to cytotoxic conditions 
(Prado et al., 2011 ;  Lage et al., 2001), but in this study FDA was used to assess the vitality of viable 
cells, based on their esterase activity. Several studies that used flow cytometry with algae provide 
additional support to FDA as a measure of the “metabolic vigour” (Berglund and Eversman, 
1988 ;  Dorsey et al., 1989). After entering the cell, FDA-acetate residues are cleaved off by non-
specific esterases and the polar hydrophilic fluorescent product fluorescein is retained by cells with 
intact plasma membranes. Since fluorescein is accumulated by active cells, metabolic activity can be 
measured by means of the fluorescent signal intensity emitted by cells, which is proportional to the 
amount of accumulated fluorescein and the time elapsed (Prado et al., 2009). Comparing any 
differences in the fluorescence emitted by metabolically active cells (FDA+), it is possible to detect 
changes in cellular metabolic activity or cell vitality. T. suecica cells were incubated with 
0.2 μg mL−1 (0.48 μM) of FDA for 15 min as previously described in Seoane et al. (2014). Green 
fluorescein fluorescence was detected in the FL1 channel. Since data were normally distributed, mean 
fluorescence values of metabolically active cells population (FDA+) were collected. 
2.3.5. Cytoplasmic membrane integrity 
Membrane integrity was assessed by propidium iodide (PI) permeability bioassay. PI was used to 
discriminate between viable non-fluorescent cells (PI) and non-viable fluorescent cells with damaged 
or disrupted cell membranes (PI+) (Cid et al., 1996). T. suecica cells were incubated with 
2.5 μg mL−1 (4 μM) of PI for 10 min as previously described in Seoane et al. (2014). PI orange 
fluorescent emission was collected in the FL3 detector. Data were collected as the percentage of viable 
cells vs. the total amount of cells analysed. 
2.3.6. Cytoplasmic membrane potential 
Alterations on membrane potential were studied using a slow-response potentiometric probe, the bis-
(1,3-dibutylbarbituric acid) trimethine oxonol (DiBAC4(3)). DiBAC4(3) can enter depolarized cells 
where it binds to intracellular proteins or membranes (Wolff et al., 2003). Increased depolarization of 
cell membranes results in additional influx of the anionic dye and an increase in fluorescence. 
Conversely, hyperpolarization is indicated by a decrease in fluorescence (Rabinovitch and June 
1990). T. suecica cells were incubated with 0.5 μg mL−1 (0.97 μM) of DiBAC4(3) for 10 min 
following the protocol previously described by Prado et al. (2012) adapted to T. suecica. DiBAC4(3) 
green fluorescent emission was collected in the FL1 channel. Data were collected as the mean 
fluorescence value of the cell population since data showed a normal distribution. 
2.4. Statistical analysis of results 
Mean and standard deviation (SD) values of the three biological replicates were determined for each 
treatment and for control cultures. Then, results were expressed as percentage of variation with respect 
to control, for which a value of 100% was assigned. These data were statistically analysed by an 
overall one-way analysis of variance (ANOVA) using IBM SPSS Statistics software 21.0. A p - 
value < 0.05 was considered statistically significant. When significant differences were observed, 
control vs. treated means were compared using the Dunnett post hoc test (p < 0.05). 
 
3. Results 
3.1. Inherent cell properties 
After only 24 h of exposure, the presence of the PCPs tested in the culture medium caused alterations 
on the inherent cell properties analysed. Cells cultured in the presence of BP-3 showed a slight 
decrease in the FS signal, related to a decrease in cell volume, being only statistically significant 
(p < 0.05) in cultures exposed to the highest concentration assayed (40 pg cell
−1
) (Fig. 1A). On the 
contrary, an increase in the FS signal, related to an increase in cell size, was observed in cells exposed 
to the other two compounds tested. All AHTN concentrations assayed caused a significant (p < 0.05) 
swelling of the cells, except the lowest one (1.2 pg cell
−1
) (Fig. 1C). The most noticeable increment in 
volume occurs in cultures exposed to TCS. All TCS concentrations tested significantly increased 
(p < 0.05) the cell size and cells experienced an enlargement up to 60% with respect to control 
( Fig. 1B). 
Since differences in cellular volume among cells exposed to the different treatments were observed, 
the other cell parameters analysed by FCM in the present study were expressed corrected by the FS 
signal thereby avoiding fluorescence variability due to differences in relative cell volume or in the 
intracellular concentration of the fluorochrome. 
 
Fig. 1. Variations in inherent cell properties of T. suecica cells exposed to different concentrations, expressed as 
cellular quota (pg cell
−1
), of BP-3 (A), TCS (B) and AHTN (C) for 24 h. Results are shown as percentage of 
variation of cell volume and chlorophyll a fluorescence with respect to control (for which a value of 100 is 
assigned, indicated by the dashed line). Significant differences with respect to control at a significance level of 
0.05 (p < 0.05) are represented by an asterisk (*). 
FCM analyses based on red fluorescence wavelength (FL4) showed that exposure to the three 
compounds modified the emission of the chlorophyll a fluorescence. The UV filter BP-3 caused a 
significant (p < 0.05) increase in cell autofluorescence ( Fig. 1A), whereas the disinfectant TCS caused 
a significant (p < 0.05) decrease up to 26% in the autofluorescence with respect to control cultures 
( Fig. 1B). With regard to the fragrance, cells exposed to AHTN experienced a slight increase in the 
FL4 signal but this was not statistically significant (p < 0.05) ( Fig. 1C). 
3.2. Growth and metabolic activity 
Growth data analysis showed that the treatment with TCS and AHTN induced a noticeable inhibitory 
effect on the cellular division of T. suecica in a concentration-dependent manner, which resulted in 
significantly (p < 0.05) lower growth rates in all cultures, except to those exposed to the lowest 
concentrations assayed. Cultures exposed to the highest concentrations assayed of TCS and AHTN (16 
and 2.4 pg cell
−1
, respectively) showed a decrease of 83% and 70% in growth rate, respectively 
(Fig. 2B and C). These compounds have a negative effect on growth; however, cells exposed to high 
concentrations of BP-3 showed a significantly (p < 0.05) increase of 65% in growth rate ( Fig. 2A). 
The metabolic vigour of the cells was studied measuring the metabolic activity after 24 h of exposure 
to the PCPs using the fluorescein diacetate (FDA) cytometric assay. In the case of TCS, the 
fluorescent signal intensity emitted by cells, proportional to the accumulated fluorescein and 
correlated with the esterase activity, was strongly diminished. It was already significantly reduced 
(p < 0.05) in cultures exposed to the lowest disinfectant concentration and this reduction was more 
pronounced when the TCS concentration increased, reaching a reduction of 73% in the activity 
compared to control cultures at the highest TCS concentration assayed ( Fig. 2B). Also AHTN 
exposure caused a remarkable loss of fluorescence intensity which means a significant (p < 0.05) 
lower metabolic activity in all treated cultures except in cultures exposed to the lowest fragrance 
concentration (1.2 pg cell
−1
) (Fig. 2C). However, BP-3 had the opposite effect and cells exposed to this 
UV filter accumulated more fluorescein with respect to control cells, which means a more pronounced 
metabolic activity. Cultures exposed to 20 pg cell
−1
 and 40 pg cell
−1
 of BP-3 exhibited significant 
(p < 0.05) increases in esterase activity of around 1.5- and 2.5-fold, respectively, with respect to 
control cultures ( Fig. 2A). 
 
 
Fig. 2. Variations in growth and metabolic activity of T. suecica cells exposed to different concentrations, 
expressed as cellular quota (pg cell
−1
), of BP-3 (A), TCS (B) and AHTN (C) for 24 h. Results are shown as 
percentage of variation of growth rate and metabolic activity with respect to control (for which a value of 100 is 
assigned, indicated by the dashed line). Significant differences with respect to control at a significance level of 
0.05 (p < 0.05) are represented by an asterisk (*). 
3.3. Cytoplasmic membrane properties 
Membrane integrity and potential are two essential membrane properties. A FCM assay based on dye 
exclusion of the probe PI was used to identify viable cells with intact plasma membrane (PI -). Cell 
viability in T. suecica cultures exposed to the three PCPs tested was not significantly (p < 0.05) 
affected by the addition of these compounds to the medium. After 24 h of exposure, the percentage of 
PI cells remained close to 100% for both control and exposed cultures. None of the PCPs assayed, 
even at the highest concentration tested, affected cell viability ( Fig. 3A, B, C). 
Nevertheless, treated cultures showed remarkable alterations on cytoplasmic membrane potential. On 
the one hand, cultures treated with the UV filter BP-3 and the fragrance AHTN showed a significant 
(p < 0.05) increase in green fluorescence emission as a result of an additional influx of the dye into the 
cell, which indicates a membrane depolarization. Cells exposed to the highest concentrations of BP-3 
and AHTN showed an increased DiBAC4(3)-derived fluorescence of 1.4- and 0.3-fold, respectively, 
with respect to control cells (Fig. 3A, C). On the other hand, TCS-exposed cultures exhibited a 
decrease in 70% of the green fluorescence emission with respect to control cultures, indicating cell 
hyperpolarization (Fig. 3B). 
4. Discussion 
Several physicochemical analyses have confirmed the presence of PCPs in all the different aquatic 
compartments (Ortiz de García et al., 2013; Pintado-Herrera et al., 2013 ;  Rodil et al., 2012). The 
three compounds tested are highly lipophilic (log Kow 4–6), which makes these compounds critical for 
bioaccumulation (Muir and Howard, 2006). However, there are no data about their ecotoxicity, in 
particular, data on marine microalgal species. 
Obtained results showed that the three tested PCPs caused physiological alterations on the marine 
microalga T. suecica after 24 h of exposure; however, cell viability remains close to 100% for all the 
chemicals tested. Potential metabolic adjustments or stimulation of the antioxidant defence mechanism 
could be involved in this maintenance ( Esperanza et al., 2015b). Cell viability endpoint could be time-
exposure dependent. Therefore, the toxicological parameters evaluated can be considered as early 
effects because cell viability was not affected. 
 
Fig. 3. Alterations on cytoplasmic membrane properties of T. suecica cells exposed to different concentrations, 
expressed as cellular quota (pg cell
−1
), of BP-3 (A), TCS (B) and AHTN (C) for 24 h. Results are shown as 
percentage of variation of membrane integrity and potential with respect to control (for which a value of 100 is 
assigned, indicated by the dashed line). Significant differences with respect to control at a significance level of 
0.05 (p < 0.05) are represented by an asterisk (*). 
 
Taking into account the cellular quota used for the assays (fixed in function of their effect on growth 
after 96 h), AHTN was the most toxic compound, followed by TCS and then, by BP-3, since AHTN 
showed significant alterations on the parameters analysed at much lower concentrations. The 
expression “toxic cellular quota” was already introduced by Moreno-Garrido et al. (2000) and tries to 
be an approach to a better unification of literature data by eliminating the effect of cellular density. It 
provides an easier way to standardize protocols through the use of a single expression containing the 
values for contaminant concentration and cell density, the two main factors studied in marine toxicity 
tests. Toxicity values which consider the contaminant that corresponds to each organism in terms of 
cellular content are more interesting than calculated values of EC50(Debelius et al., 2009). 
Based on the observed cytotoxic response, the tested compounds could be classified into two groups 
related to their different toxic effects on this microalgal species: BP-3 in one group and TCS and 
AHTN in another group. 
BP-3 exposed cultures showed an increase in their growth rate that could be interpreted as a first 
response to fight against the stress, correlating well with cellular esterase activity results, which 
showed a significant (p < 0.05) increase of the activity in a concentration-dependent manner 
( Fig. 2A). This enzyme activity stimulation may be a result of a general metabolic stimulation 
induced by the toxic agent in the microalgal cells in order to adapt their physiology to adverse 
environmental conditions. Stimulation of this enzyme activity has also been reported in microalgae 
exposed to other pollutants such as paraquat or copper ( Prado et al., 2009 ;  Lage et al., 2001). As a 
result of the increase in growth rate and metabolic activity, a decrease in cell size of treated cells was 
detected (Fig. 1A), since these cells were able to complete their cell cycle and to divide faster than 
control cells. Relative to cytoplasmic membrane potential, a significant (p < 0.05) depolarization was 
observed ( Fig. 3A). Uptake of the fluorophore DiBAC4(3) is indicative of disturbance of the 
membrane such as inhibition of pump/leak balance, blockage of channels or generation of ionic leaks, 
evidencing metabolic perturbations and environmental stress (Lloyd et al., 2004). Furthermore, an 
increase in chlorophyll a fluorescence in cells exposed to the UV filter was also detected ( Fig. 1A). 
Changes in the in vivo chlorophyll a fluorescence of green algae can be used as a tool to detect 
negative alterations on photosynthesis and to reveal response mechanisms, to quantify stress responses 
and to identify certain contaminants ( Prado et al., 2011; Chalifour et al., 2009; Bi Fai et al., 
2007; Ekelund and Aronson, 2007; González-Barreiro et al., 2004 ;  Cid et al., 1995). Sunscreens have 
a marked lipophilic character, so they tend to be accumulated in solid matrices such as sediments and 
also to be bioaccumulated in living organisms. These compounds act by absorbing ultraviolet 
radiation; they captured incident energy and emitted it again as heat, so it can be expected to affect the 
photosynthetic properties of microalgae. The observed increase in chlorophyll fluorescence suggests a 
decrease in the photosynthetic efficiency of cells exposed to the UV filter due to damage in the 
photosynthetic apparatus (Maxwell and Johnson, 2000). 
Several studies evaluated BP-3 toxicity on microalgae, but they only considered growth inhibition for 
the assessment of phytotoxic effects (Tovar-Sánchez et al., 2013; Sieratowicz et al., 2011 ;  Rodil 
et al., 2009). Paredes et al. (2014) evaluated the ecotoxicological effects of four UV filters using 
marine organisms from different trophic levels, and the marine microalga I. galbana was the most 
affected species, being BP-3 the most toxic compound even at very low concentrations. Furthermore, 
the results for risk quotient showed that there was a potential threat to the coastal environments caused 
by this type of chemicals. In the case of sunscreens, their presence is particularly strong in coastal 
waters where aquatic recreational activities were carried out. 
As indicated above, T. suecica cultures exposed to TCS or AHTN showed a similar pattern of 
cytotoxicity, showing differences only for one of the examined parameters. Both compounds provoked 
a significant (p < 0.05) increase in volume, more pronounced in the case of TCS-exposed cells, 
probably due to the incapacity to finish cell division as evidenced by growth data ( Fig. 2B and C). 
Growth rate and metabolic activity significantly (p < 0.05) decreased in cultures exposed to both 
pollutants ( Fig. 2B and C). The decrease in esterase activity could indicate that these compounds 
cause redox imbalances or alterations in protein synthesis and, therefore, a general decrease in cellular 
activity. Previous studies (Seoane et al., 2014) showed a reduction of the esterase activity 
in T. suecica cells exposed to antibiotics. Moreover, cells exposed to TCS also showed a decrease in 
autofluorescence ( Fig. 1B). Chlorophyll a fluorescence is a function of the cell pigment content and 
the photochemical activity of PSII in the photosynthetic electron transport chain ( Franklin et al., 
2001). Therefore, this autofluorescence decrease can be related to oxidative damage to PSII, to a 
decrease in pigment content or to chlorophyll bleaching as a consequence of the production of reactive 
oxygen species (Ekmekci and Terzioglu, 2005). Despite these cytotoxicity similarities described, 
AHTN and TCS provoked significant (p < 0.05) alterations of the cytoplasmic membrane potential, 
but in a different way ( Fig. 3B and C): AHTN provoked a reduction of the cytoplasmic membrane 
potential (an increasing depolarization level reflected by increased DiBAC4(3)-derived fluorescence) 
while TCS provoked an increase of this potential (hyperpolarization reflected by decreased 
DiBAC4(3)-derived fluorescence). These results indicate that the induced damage to the plasma 
membrane begins with changes on the permeability properties before the disruption of the membrane 
integrity. Further studies on lipid peroxidation could elucidate the effects on cell membranes since 
many pollutants cause a significant increase in reactive oxygen species ( Esperanza et al., 2016 ;  Cid 
et al., 1996). Cellular membranes are selective, dynamic barriers that play an essential role in 
regulating biochemical and physiological events (Cid et al., 1996). These alterations of the membrane 
permeability properties could lead to osmotic changes and failures in the regulatory cell volume 
control process, which, in turn, explain the increase in cell size observed (Fig. 1B and C). 
TCS is a widely used antimicrobial agent typically designed to kill or to inhibit the growth of a wide 
range of “undesirable” microbial species, thus it could have significant impacts on natural biotic 
communities (Wilson et al., 2003). Several studies have shown the toxicity of TCS on different aquatic 
organisms, including sludge organisms, algae, invertebrates and fish (Ciniglia et al., 2005; Dann and 
Hontela, 2011; Fritsch et al., 2013; Orvos et al., 2002; Riva et al., 2012 ;  Yang et al., 2008). Among 
these organisms, microalgae were the most sensitive to TCS, but significant differences in sensitivity 
were found among species (Tatarazako et al., 2004 ;  Orvos et al., 2002), hence TCS may address 
multiple target sites to a different extent in the different species (Franz et al., 2008). In bacteria, TCS 
has been described to block the lipid synthesis by inhibiting the enzyme enoyl-acyl carrier protein 
reductase (FabI) (Levy et al., 1999 ;  McMurry et al., 1998). This enzyme (also isolated in microalgae) 
acts completing the cycle of fatty acid elongation (Zheng et al., 2013). Additionally, other modes of 
action involved in its toxic effect were identified, such as the destabilisation of cell membranes due to 
interactions of TCS with phospholipids (Villalain et al., 2001). This causes structural perturbations 
provoking the loss of permeability-barrier functions (Phan and Marquis, 2006), which correlates well 
with the results obtained in this study. Moreover, TCS exposure led to the uncoupling of oxidative 
phosphorylation in microalgae (Franz et al., 2008). 
There are scarce data about toxicity of AHTN on microalgal species but it was shown that this 
compound affects algae growth (Ortiz de García et al., 2013 ;  Santiago-Morales et al., 2012). It was 
also shown that AHNT causes growth inhibition on the freshwater mussel Lampsilis 
cardium ( Gooding et al., 2006) and a remarkable oxidative stress in the earthworm Eisenia 
fetida ( Chen et al., 2011). 
Current toxicity bioassays with microalgae used mainly integrative endpoints such as growth. 
Standardised algal growth bioassays remain the preferred technique for the assessment of phytotoxic 
effects in most ecotoxicological studies, but these tests provide bulk measurements which do not allow 
us to observe potential intercellular differences within the cellular population analysed (Prado et al., 
2011). Moreover, this conventional endpoint does not provide information about the physiological 
causes that can result in growth inhibition, i.e., do not offer information regarding the toxic 
mechanisms by which environmental chemicals disrupt biological processes in algal cells (Nestler 
et al., 2012). FCM allows studying different morphological and physiological properties of single 
cells, being a useful tool in toxicity tests with microalgae (Cid et al., 1996; Franqueira et al., 
2000 ;  Prado et al., 2012). In the present work, the response of T. suecica cells to three PCPs was 
characterized using FCM to analyse their effects on different inherent cell properties and cell 
physiological status based on metabolic activity and membrane stability. Through the use of 
fluorescence dyes that are specific for distinct biochemical properties, FCM can be used to study 
interferences with specific metabolic processes and to diagnose modes of action ( Adler et al., 
2007 ;  Stauber et al., 2002). In addition, these endpoints were helpful as early indicators of exposure 
to the PCPs because they could detect alterations on the microalgal physiology before viability or 
growth were affected. 
The use of chlorophyll fluorescence as an endpoint in common monoalgal toxicity assays has been 
described in several studies (Brack and Frank, 1998 ;  Geoffroy et al., 2007). Since fluorescence 
emission of photosynthetic organisms changes continuously following their adaptation to the changing 
environment, environmental stressors such as contaminants affect the function of photosynthetic 
systems, thereby affecting the fluorescence emission. Furthermore, chlorophyll a fluorescence would 
be a good and fast biomarker because no commercial fluorochrome is necessary to analyse this 
microalgal inherent property. Prado et al. (2011) showed that the study of the 
chlorophyll a fluorescence by FCM in C. moewussi cells exposed to the herbicide paraquat was useful 
to characterize chlorotic populations of cells, with a drastic reduction of chlorophyll. However, in this 
study, the most sensitive parameters were esterase activity and cytoplasmic membrane potential. 
Although FDA has been, and still is, commonly used as a probe for cell viability, it may also indicate 
cellular metabolic activity. Enzyme inhibition measurements in microalgae are popular indicators of 
environmental stress. Esterase activity, in particular, has been proven useful in a variety of cell types 
( Breeuwer et al., 1995 ;  Humphreys et al., 1994) and has been shown to relate well to general 
metabolic activity (Regel et al., 2002). Bentley-Mowat (1982) first reported that the intensity of 
fluorescence derived from the cleavage of FDA appeared to depend on the “metabolic vigour” of the 
cells. In this way, FDA assay is not only helpful to discriminate between “healthy” and “stressed” 
cells, but also to quantify subtle responses to environmental impacts ( Prado et al., 2009 ;  Seoane 
et al., 2014). Cytometric quantification of cellular fluorescence upon cleavage of FDA is a sensitive 
and rapid technique to assess phytoplankton metabolic activity (Jochem, 1999). This parameter has 
been proven useful to assess the toxicity of different pollutants on microalgae such as herbicides 
( Esperanza et al., 2015b ;  Prado et al., 2009) or heavy metals (Cid et al., 1996). Furthermore, the 
advantage of cytometric measurements over fluorescence microscopy or bulk estimates by 
fluorometry lies in the assessment of minor changes in metabolic activity by the detection of changes 
in the fluorescence intensity exhibited on a single-cell basis (Jochem, 1999). Cytoplasmic membrane 
potential has also proved to be very sensitive. Fluorochrome-based measurements of plasma 
membrane potential provide a useful approach for the monitoring of cellular stress in T. suecica as it 
has been previously shown for other organisms ( Dinsdale et al., 1995; Mason et al., 1994; Lloyd 
et al., 2004 ;  Prado et al., 2012. The use of the fluorochrome DiBAC4(3) in this study showed that the 
tested PCPs damage microalgal plasma membrane, mainly by permeabilisation rather than by 
disruption of membrane integrity. And it can be concluded that depolarized cells were not necessarily 
non-viable cells as previously shown by Prado et al. (2012). Microbial plasma membrane is the 
chemiosmotic barrier that provides the interface between the organism and its external environment; 
therefore, cytoplasmic membrane potential reports on the current transport and energy status of the 
cell (Konrad and Hedrich, 2008). 
To sum up, results obtained in this work confirm the potential use of the assayed protocols for the 
prospective assessment of the potential cytotoxicity of these emerging pollutants. 
5. Conclusions 
Although after 24 h of exposure none of the PCPs assayed affected cell viability, at least at the assayed 
concentrations, T. suecica cells showed significant alterations on the other parameters analysed. 
Diverse cell responses to the different pollutants were observed. On the one hand, the disinfectant TCS 
and the fragrance AHTN provoked a decrease in growth and metabolic activity. On the other hand, 
cells cultured in the presence of the UV-filter BP-3 showed a stimulation of their activity that could be 
a first response to the stress in order to adapt their physiology to adverse environmental conditions. 
Treated cells also showed highly relevant alterations in cytoplasmic membrane potential and changes 
in autofluorescence. Chlorophyll a fluorescence would be a good biomarker because no commercial 
fluorochrome is necessary to analyse this microalgal inherent property. But among the different 
subcellular endpoints assessed in this study, esterase activity and membrane potential constituted the 
most sensitive parameters. It can be concluded that the toxicological model used and the toxicological 
parameters evaluated are suitable to assess the toxicity of these emerging contaminants. 
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